Layered molybdenum dichalchogenides are semiconductors whose gap is controlled by delicate interlayer interactions. The gap tends to drop together with the interlayer distance, suggesting collapse and metallization under pressure. We predict, based on first principles calculations, that layered semiconductors 2H c -MoSe 2 and 2H c -MoTe 2 should undergo metallization at pressures between 28 and 40 GPa (MoSe 2 ) and 13 and 19 GPa (MoTe 2 ). Unlike MoS 2 where a 2H c → 2H a layer sliding transition is known to take place, these two materials appear to preserve the original 2H c layered structure at least up to 100 GPa and to increasingly resist lubric layer sliding under pressure. Similar to metallized MoS 2 they are predicted to exhibit a low density of states at the Fermi level, and presumably very modest superconducting temperatures if any. We also study the β-MoTe 2 structure, metastable with a higher enthalpy than 2H c -MoTe 2 . Despite its ready semimetallic and (weakly) superconducting character already at zero pressure, metallicity is not expected to increase dramatically with pressure.
I. INTRODUCTION
Transition Metal Dichalchogenides (TMDs) are well known and long characterized compounds.
1,2 . They possess a layered crystal structure consisting of MX 2 (Mtransition metal, X-chalcogen) XMX composite triatomic layers where the transition metal monoatomic layer is sandwiched between two layers of chalcogen atoms. The layers consisting of covalently bonded atoms are only weakly coupled by partly van der Waals interactions, resulting in highly anisotropic properties. By analogy with graphite, their structure based on independently stable, relatively unreactive triatomic layers which can be mutually sheared is probably related to the functioning of some materials such as MoS 2 and MoSe 2 as lubricants.
It opens at the same time the way to a rich polytypism, due to various possible relative stackings of the layers. Much initial interest in bulk materials has been driven by their electronic properties, including insulator, semiconductor, metal, charge-density-wave (CDW) material, and superconductor -properties that can also be modified by intercalation. More recently, focus shifted to the exfoliated monolayers, similar to graphene. Owing to removal of interlayer interactions a monolayer has, unlike the bulk material, a larger and direct band gap, features which in MoS 2 make it of interest for optoelectronics (Refs.
On the opposite front, it is possible to modify the properties of bulk TMDs by external hydrostatic pressure which can in principle cause structural as well as electronic phase transitions. In Ref. The behaviour of MoS 2 under pressure is now well understood. Its resistivity decreases with pressure 10 suggesting possible metallization at high pressure. While that possibility is confirmed by calculations 11 it was also theoretically found that the initial 2H c structure (hexagonal, space group P 6 3 /mmc) at zero pressure should undergo near 20 GPa a pressure induced structural transition to 2H a (the same space group P 6 3 /mmc), the structure typical of e.g. NbS 2 . That result explained some previously mysterious X-ray diffraction evidence 12 and Raman scattering data 13 and was also recently confirmed experimentally 14 we can therefore only rely on theory concerning their structural and electronic behaviour in that regime.
Here we present first principles calculations based on density functional theory (DFT) demonstrating the effect of high pressure on bulk transition metal dichalcogenides MoSe 2 and MoTe 2 , focusing both on the evolution of crystal structure and of electronic properties.
We first of all will describe in the next section the technical details of DFT calculations. The following section will present our predicted evolution of crystalline and electronic structure, predicting the absence of structural transformations, surprising in view of the initial analogy to MoS 2 , and a semiconductor-band overlap metal transition for both MoSe 2 and MoTe 2 upon compression. After a discussion of similarities and differences with MoS 2 , in particular of the similarly poor metallic properties at high pressure, the last section will summarize our findings and draw conclusions. functional were performed with norm-conserving pseudopotentials 27 . Zero temperature and neglect of zero-point energy contributions were assumed throughout.
A series of PBE calculations were carried out at increasing pressures from 10 GPa upwards, with at each pressure a full structural relaxation aimed at identifying the minimum enthalpy structure, its electronic band structure, and their pressure evolution.
III. RESULTS

A. MoSe 2
We performed a compression of the 2H c -MoSe 2 unit cell up to 130 GPa and calculated the pressure dependence of the lattice parameters a (intra-layer), and c (inter-layer) (Fig.2 ).
For comparison we show in the same figure the experimental data extracted from X-ray diffraction patterns in Ref. 9 . As can be seen the agreement is excellent especially at pressures beyond 15 GPa, which justifies a posteriori the use of PBE functional without vdW corrections, as was also the case in MoS 2 11 .
III. RESULTS AND DISCUSSION
A. MoSe 2
We performed a compression of the 2H c -MoSe 2 unit cell up to 130 GPa I suggest to say here 40 GPa and possibly restrict the range of pressures in Figs.3 and 7 and calculated the pressure dependence of the lattice parameters a (intra-layer), and c (inter-layer) (Fig.2) . For comparison we show in the same figure the experimental data extracted from X-ray di↵raction patterns in Ref. 13 . As can be seen the agreement is really excellent especially at pressures beyond 15 GPa, which justifies a posteriori the use of PBE functional without vdW corrections, as was also the case in MoS 2 10 . Results also agree with experiment Ref. 13 in MoSe 2 indicating no structural change away from the zero pressure 2H c structure of MoSe 2 . In order to check whether this transition could take place at a higher pressure than 35.9 GPa, the highest experimentally accessed, we calculated the enthalpies of both 2H a and 2H c phases of MoSe 2 up to 130 GPa. In Fig. 3 we show the enthalpy di↵erence between the two phases. Unlike the case of MoS 2 where the enthalpies cross and the 2H a form becomes more stable around 20 GPa 10 , here the enthalpy di↵erence actually increases with pressure, thus reinforcing the stability of behaviour based on simple co Mo-Mo metallic bonding in t we note that only in the 2H a in nearest layers are verticall whereas they are staggered an in 2H c . The 2H a structure is one can take advantage of dmetallicity along the c-axis, su high pressure MoS 2 . In MoSe larger radius of anions, the in are larger, e.g., more than 0.25 MoS 2 . That makes interlayer ergetically less important, lea forces in control of the entha favors 2H c over 2H a . Having thus characterized the atomic structure, we can properties, in particular the p band gap and metallization. structure is shown in Fig.4 f GPa and p = 30 GPa. The sure at the rate of 3.3 ⇥ 10 this number calculated? eV/GPa At p = 10 GPa the gap of 0.47 eV with the va point and the conduction ba Q = (x, y, 0)2⇡/(somelength), tween = (0, 0, 0) and K = ( 1 3 fix this tomorrow At p = already closed. Since the PBE does not overestimate the ban gests that metallization of 2H unlikely. This is compatible w tivity data of Ref.
14 , which in results 9 suggesting a transition Results also agree with experiment Ref. 9 in MoSe 2 indicating no structural changes and the stability of the 2H c zero pressure structure of MoSe 2 at least up to 35.9 GPa. In order to check whether any transition could take place at a higher pressure than this, it would 6 be necessary in the future to conduct some kind of structural search. Limiting ourselves to explore the simple possibility of a transition to the 2H a structure, we calculated the enthalpies of both 2H a and 2H c phases of MoSe 2 up to 130 GPa. Fig. 3 Having thus characterized the pressure evolution of the atomic structure, we can examine that of electronic properties, in particular the pressure induced closing of band gap and metallization. The calculated PBE band structure is shown in Fig.4 30 GPa is unlikely. This is compatible with the more recent resistivity data of Ref. 15 ( which appear to correct earlier results 10 which had suggested a transition at 4 GPa for which there is no supporting evidence). In Since for an indirect band gap semiconductor the exciton binding energy E B remains finite right up to P met , there is in principle the possibility upon gap closing to realize a so-called excitonic insulator state. That is a kind of charge-density-wave or spin-densitywave state with wavevector Q theoretically predicted long ago in Ref. 23 . In a narrow range of pressures immediately below P met the semiconducting gap becomes small enough to be comparable with the exciton binding energy E B , expected here to be of order of 10 meV.
Given a gap reduction rate of 26 meV/GPa, this means that the excitonic state could exist in a narrow pressure range of about 4 kbar below P met . The DFT-PBE electronic structure approximation does not treat properly the nonlocal exchange which is essential for the description of excitons, and thus it does not describe excitonic insulators states. Therefore we cannot make a quantitative prediction of the relevant portion of the pressure phase 8 diagram and we must limit ourselves to a qualitative statement. The possible realization of this interesting state in MoS 2 was proposed in Ref.
11 , but the structural transformation occurring at a pressure close to metallization presents a fatal complication in that system.
From this point of view MoSe 2 (and as we shall see also MoTe 2 ), structurally stable lattice in the metallization region, appears to be a more suitable system to search for an excitonic insulator state.
At pressures immediately below metallization, when the semiconducting gap becomes small enough to be comparable with the exciton binding energy -a quantity of order 10 meV which for an indirect band gap remains finite until metallization -there is the possibility to realize a so-called excitonic insulator state. That is a kind of charge-density-wave or spin-density-wave state with wavevector Q theoretically predicted long ago (Ref. 21 ). Because our DFT-PBE approximation does not treat properly the nonlocal exchange which is essential for the description of this kind of state, we cannot make here a quantitative prediction of the relevant portion of the pressure phase diagram and we must limit ourselves to a qualitative statement. The possible realization of this interesting state in MoS 2 was proposed in Ref.
10 , but the structural transformation occurring at a pressure close to metallization presents a fatal complication in that system. From this point of view MoSe 2 , structurally stable in the metallization region, appears to be a more suitable system to search for excitonic insulator than MoS 2 . 
B. MoTe2
There is much less experimental work for 2H c -(↵-form), and we are not aware of either structure sistivity data under pressure, and our results rep a first prediction. We carried out the same calc protocol as for for 2H c -MoSe 2 : total energy calcu structural relaxation, enthalpy calculation, band ture and gap calculation. The calculated structur are shown in Fig.7 . Here too the 2H c structure r stable under pressure. The enthalpy di↵erence s iately below metallization, when becomes small enough to be comon binding energy -a quantity of or an indirect band gap remains n -there is the possibility to renic insulator state. That is a kind or spin-density-wave state with cally predicted long ago (Ref. 21 ). E approximation does not treat xchange which is essential for the d of state, we cannot make here ion of the relevant portion of the and we must limit ourselves to t. The possible realization of this S 2 was proposed in Ref.
10 , but the ion occurring at a pressure close to a fatal complication in that sysf view MoSe 2 , structurally stable ion, appears to be a more suitable citonic insulator than MoS 2 . 
B. MoTe 2
There is much less experimental work for 2H c -MoTe 2 (↵-form), and we are not aware of either structure or resistivity data under pressure, and our results represent a first prediction. We carried out the same calculation protocol as for for 2H c -MoSe 2 : total energy calculation, structural relaxation, enthalpy calculation, band structure and gap calculation. The calculated structural data are shown in Fig.7 . Here too the 2H c structure remains stable under pressure. The enthalpy di↵erence stabiliz- the 2H c structure remains stable under pressure, at least with respect to a transformation to 2H a . The enthalpy difference stabilizing 2H c over the 2H a structure shown in Fig.3 is here even stronger than in MoSe 2 , in agreement with our earlier explanation involving the volume difference between the phases and the larger radius of Te anions relative to Se.
ing 2H c over the 2H a structure shown in Fig.3 Fig.8 shows the band structure of 2H c -MoTe 2 . Here too we took care to verify that spin-orbit interaction has no major e↵ect on the states in the vicinity of the Fermi level. At 10 GPa where there is still a small but finite band gap, and at 13 GPa where energy overlap takes place between the valence band top, now slightly displaced from , and the conduction band bottom which has two nearly degenerate minima -one again close to midpoint Q between and K points and another one at the K point. Thus even in 2H c -MoSe 2 there could be a narrow excitonic insulator phase just below the metallization pressure; however the CDW or SDW condensate wavevector is less straightforward to predict. Fig.9 shows the electronic density of states at 10 and 30 GPa and one can see that even at 30 GPa, more than twice of the metallization pressure, DOS remains rather low, indicating semi-metallicity.
Finally we studied the metastable -form of MoTe 2 which is already metallic at normal conditions (Fig.10) . In order to check how the metallicity of this phase evolves with pressure we compressed and relaxed this metastable structure to 20 and 40 GPa and recalculated electronic DOS (Fig.11) . The band structure at 40 GPa is also shown in Fig.11 . Comparing the DOS under pressure to that calculated for the experimental cell at normal Fig.8 shows the band structure of 2H c -MoTe 2 . Here we took special care to verify that spin-orbit interaction has no major effect on the states in the vicinity of the Fermi level. At 10 GPa there is still a small but finite band gap. At 13 GPa band overlap has already taken place between the valence band top, now slightly displaced from Γ, and the conduction band bottom which has two nearly degenerate minima -one again close to midpoint Q between Γ and K points and another one at the K point. Thus even in 2H c -MoTe 2 there could be a narrow excitonic insulator phase just below the metallization pressure; however the CDW or SDW condensate wavevector is less straightforward to predict. Fig.9 shows the electronic density of states at 10 and 30 GPa and one can see that even at 30 GPa, more than twice of the metallization pressure, the electronic DOS remains rather low, indicating semi-metallicity. Here again we performed a hybrid functional 22 calculation and found gap closing at 19 GPa, thus placing the metallization pressure of 2H c -MoTe 2 between 13 and 19
GPa. g.8 shows the band structure of 2H c -MoTe 2 . Here e took care to verify that spin-orbit interaction has ajor e↵ect on the states in the vicinity of the Fermi . At 10 GPa where there is still a small but finite gap, and at 13 GPa where energy overlap takes between the valence band top, now slightly disd from , and the conduction band bottom which wo nearly degenerate minima -one again close to oint Q between and K points and another one at point. Thus even in 2H c -MoSe 2 there could be row excitonic insulator phase just below the metalon pressure; however the CDW or SDW condensate vector is less straightforward to predict. Fig.9 shows lectronic density of states at 10 and 30 GPa and one ee that even at 30 GPa, more than twice of the mettion pressure, DOS remains rather low, indicating -metallicity. nally we studied the metastable -form of MoTe 2 h is already metallic at normal conditions (Fig.10) . der to check how the metallicity of this phase evolves pressure we compressed and relaxed this metastable ture to 20 and 40 GPa and recalculated electronic (Fig.11) . The band structure at 40 GPa is also n in Fig.11 . Comparing the DOS under pressure at calculated for the experimental cell at normal itions (from Ref. 16 ) we see that pressure does not ase much the DOS at the Fermi level. This suggests pressure is not a likely tool for a major increase of metallicity and superconductivity of -MoTe 2 .
IV. CONCLUSIONS
The structural and electronic properties of MoSe 2 and MoTe 2 are studied under pressure. Unlike MoS 2 , these TMD layer compounds are not prone to layer sliding transition from 2H c to the 2H a polytype, or to exhibit interlayer lubricity ? MoSe2 is also used as lubricant. Based on DFT calculations using the PBE functional both materials are predicted to metallize via band overlap and indirect gap at pressures of 28 and 13 GPa, respectively. Beyond the metallization point they behave as semi-metals and the density of states at the Fermi level remains low. Even on the metastable -MoTe 2 phase, which is metallic already at normal conditions pressure does not increase metallicity too much. MoSe 2 and MoTe 2 seem therefore unlikely to become good BCS superconductors in the range of pressures considered. Finally we studied the metastable β-form of MoTe 2 ( Fig.10 ) which is already metallic at zero pressure. The enthalpy of this form at 20 GPa is higher by 0.12 eV/(MoTe 2 group) than that of the 2H c form. In order to check how the metallicity of this phase evolves with pressure we compressed and relaxed this metastable structure to 20 and 40 GPa and recalculated electronic DOS (Fig.11) . The band structure at 40 GPa is also shown in Fig.11 .
Comparing the DOS under pressure to that calculated for the experimental cell at normal conditions (from Ref. 17 ) we see that the effect of pressure again does not raise much the DOS at the Fermi level. This suggests that pressure is not a likely tool for a major increase of metallicity, and of BCS superconductivity, of β-MoTe 2 .
The structural and electronic properties of MoSe 2 and MoTe 2 are studied theoretically under high pressure. Unlike MoS 2 , these TMD layered compounds are not prone to layer sliding transition from 2H c to the 2H a polytype. Since MoSe 2 is also a good lubricant as is 
